Previous studies have defined 28 genes necessary for the synthesis of the flagellar apparatus of Escherichia coli K-12. This study analyzed the influence of the flagellar genes on the expression of the hag gene (structural gene for flagellin). To this end, a hag::Mu d(Apr lac) mutant which had the lac genes fused to the promoter of the hag gene was constructed. This allowed the measurement of hag gene expression by detection of beta-galactosidase activity. The following observations were made. (i) The hag gene was expressed constitutively in Fla' cells. . Regulation of these genes may be complex, and extensive studies have been made by using the flagellum as a model for the regulation of organelle morphogenesis (14). A flagellum consists of three parts: filament, hook, and basal structure. The filament, which extends into the extracellular space, is connected by the hook to the basal structure embedded in the cell membrane. The filament consists of a single kind of protein, flagellin, coded by the hag gene (12). The subunit protein of the hook is coded by the flaK gene (7). The proteins of basal structure were shown to be coded by the fla genes in region I (near pyrC on the E. coli map) (6, 9).
Flagella are responsible for bacterial motility and chemotaxis. Genetic analyses have revealed that more than 20 fla and flb genes are involved in the formation of a morphologically complete Escherichia coli flagellum (14; Komeda et al., submitted for publication). Other flagellar genes, mot and che, are required to make a functional flagellum (14) . Regulation of these genes may be complex, and extensive studies have been made by using the flagellum as a model for the regulation of organelle morphogenesis (14) . A flagellum consists of three parts: filament, hook, and basal structure. The filament, which extends into the extracellular space, is connected by the hook to the basal structure embedded in the cell membrane. The filament consists of a single kind of protein, flagellin, coded by the hag gene (12) . The subunit protein of the hook is coded by the flaK gene (7) . The proteins of basal structure were shown to be coded by the fla genes in region I (near pyrC on the E. coli map) (6, 9) .
Most flagellar defects result in a Fla-phenotype. Most structural and regulatory components of the organelle have no easily measurable activity and only manifest themselves when integrated into the whole organelle. This makes it difficult to measure the synthesis of a flagellar gene product and to study the regulation of expression of the flagellar genes. The in vivo gene fusion technique developed by Casadaban allows an analysis of the regulation of virtually any gene by coupling the lac genes to the gene (operon) in question. Using this method, the regulation of the ara genes was examined by measuring the product of the fused lacZ gene (2) . We decided to apply this method to the study of fla regulation and have been able to fuse most fla genes to the lac genes by using novel Mu phage carrying the lac genes. In the present paper we describe the successful isolation of a hag-lac fusion and its application to the study of flagellar gene regulation.
Because flagellin is the most abundant and well-characterized flagellar protein, expression of the structural gene for flagellin (hag in E. coli, Hi and H2 in Salmonella) was studied and the following results were found. (i) mRNA specific for the Hl or H2 gene was not detected in the RNA fraction of a large but incomplete set of Fla-mutants examined in Salmonella (15) .
(ii) The flagellin molecule was not detected in mutants with cya or crp mutations, which are defective in the formation of cyclic AMP or the cyclic AMP receptor protein (13, 16) . A cfs mutation, which can overcome the cya or crp gene control of flagellation, was mapped in a fla gene cluster (8, 13) . (iii) Flagellin was not synthesized in an FlbB-mutant of E. coli after infection by a specialized transducing lambda phage (Xhag) (11) . In Table 4 . The media used in this study have been described previously (4, 7, 8 13-Galactosidase activity was measured after addition of i0-3 M IPTG to the early-log-phase (optical density at 660 nm = 0.15) culture. Symbols are the same as in Fig. 1 . (Fig. 3) . Using overnight cultures, /B-galactosidase specific activities were 2,200 U/mg of protein in strain YK431 and 1,500 U/mg of protein in strain YK432.
In summary, the strain carrying hag::Mu d(Apr lac) (strain YK3421) showed constitutive expression of the lacZ gene. The specific activity of 8-galactosidase increased with the growth of the cells, but enzyme specific activity in this fusion strain was less than that with the lac gene fused to its own promoter (about 250:2,500).
Influence offla genes on hag gene expression. Figure 4 summarizes current knowledge about flagellar genes in E. coli (Komeda et al., submitted for publication). From previous investigations, it was apparent that at least some fla genes control the synthesis of the hag gene product (11, 15) . Using the hag-lac fusion strain, The Fla-mutants (fla hag-lac double mutants) were examined for the ability to ferment lactose on MacConkey agar plates containing 1% lactose. Table 3 shows the Lac phenotype of a hag-lac fusion strain containing an additional fla mutation. All but two Fla-mutants had a Lac-phenotype. These Fla-strains could not express the fused lac genes because of the presence of additional fla mutations. Fla' transductants derived from these strains recovered the ability to ferment lactose. These results agreed with those described previously by Suzuki and Iino (15) , who showed that Fla-mutants in The two mutants with the flaT mutation had a Lac' phenotype, so the flaT gene must not be necessary for hag expression.
The above analysis was incomplete since Fla mutants representing all the fla genes were not isolated. The hag-lac fusion in strain YK3421 was transduced into a collection of mutants representing defects in all the fla genes. Selection in this transduction was for ampicillin resistance (Apr is linked to the hag-lac). The recipient Fla strain also contained a deletion of the lac operon. The Fla mutants of strain YK410 were first lysogenized with Mu ets phage to prevent zygotic induction. The resultant lysogens were transduced to Apr with P1 phage grown on strain YK3421. These Apr transductants were examined for the retention of the hag and original fla mutation by complementation tests with \fla phage. Those transductants that had both hag and fla mutations were saved and examined for the Lac phenotype (Table 4) . TI'hese results agree with those in Table 3 . Besides mutants with flaT defects, other mutants not tested in Table 3 . A A phage having these characteristics was isolated by the procedure described in Materials and Methods (Fig. 5) . Five A phages were isolated which formed Lac' plaques on strain YK41). They were plated on an FlbB mutant (YK4116) on MacConkey plates with a tryptone broth overlay. Three A strains, Ayk91, Ayk94, and Ayk95, formed white plaques (Lac ). Thus, the lac genes in these A hybrids were promoted bv the hag promoter and were not expressed on the mutant (flbB defect). When the A strains were plated on the FlbB mutant with high input (as shown by confluent lysis), we could not find any difference in intensity of red color of the plaques between those on strain YK410 (fla+) and those on strain YK4116 (flbB). Single plaque formation was the key step to divide these two hosts. The lac gene expression with these phages was also helped from the A-N promoter, since the plaques turned red during prolonged cultivation. This readthrough pre- Table 4 . Since flagellar mutants which have flagellar filaments (i.e., Motmutants) allow hag expression, the strains with flaS, flaT, flaU, and flbC mutations might have flagella or at least rudimentary structures. Cultures of these mutants were tested for agglutination with antiflagella serum. The cultures showed slight agglutination. These mutants formed bushy swarms on semisolid motility agar. We interpret this to mean that only a small fraction had flagella and could swim. Mutants representing the flaP, flaQ, and flaR cistrons also showed this phenotype and were agglutinated slightly. However, they could not support the expression of the lac genes on the Xhag-lac hybrid. Thus, it is unlikely that the slight flageltar synthesis observed in mutants with flaS, flaT, or flaU defects is in itself sufficient to (Table 6 ). The markers used were uvrC and the two classes of hag mutations described above. The results indicated the order: (promoter-proximal hag)-(promoter-distal hag)-uvrC. Therefore, we concluded the hag gene was transcribed from the flaN side toward the flaD side (see Fig. 4 ). 
DISCUSSION

